The advance in designing arrays of ultrathin two-dimensional optical nano-resonators, known as metasurfaces, is currently enabling a large variety of novel flat optical components. The remarkable control over the electromagnetic fields offered by this technology can be further extended to the active regime in order to manipulate the light characteristics in real-time. In this contribution, we couple the excitonic resonance of atomic thin MoS2 monolayers with gapsurface-plasmon (GSP) metasurfaces, and demonstrate selective enhancement of the excitonplasmon polariton emissions. We further demonstrate tunable emissions by controlling the charge density at interface through electrically gating in MOS structure. Straddling two very 2 active fields of research, this demonstration of electrically tunable light-emitting metasurfaces enables real-time manipulation of light-matter interactions at the extreme subwavelength dimensions.
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Introduction
Two-dimensional (2D) materials featuring exceptional optical and optoelectronic properties have attracted increasing interest with significant potential to develop a great number of emerging nano-optoelectronics devices. [1] [2] [3] [4] In particular, 2D materials host a larger variety of polaritons compared with conventional three-dimensional (3D) semiconductors, such as plasmon polaritons in graphene, 5, 6 phonon polaritons in hexagonal boron nitride (hBN). 7, 8 Moreover, the current "polaritonic library" of 2D materials has been greatly expanded by the wide observation of exciton polaritons from the recent emerging atomically thin semiconductors, such as molybdenum and tungsten-based transition metal dichalcogenides (TMDCs). [9] [10] [11] Exciton polaritons are new quasi-particles of light-matter hybrid states, which both have the advantages of photons, such as ultra-fast speed, long-range spatial/temporal coherence, and exhibit strong light matter interactions. Their unique half-light half-matter characteristics make them indispensable platform to both explore fundamental research such as polariton Bose-Einstein condensation, 12, 13 polariton bistability, [14] [15] [16] and propose new types of polaritonic devices like polariton lasers, 12, 17 switches, 18 transistors, 14 and logic gates. 15, 16 Among TMDCs, monolayer molybdenum disulfide (MoS2) has been one of the most widely studied. Various excitons and other types of exciton complexes such as trions and biexcitons can be readily observed and manipulated even at room temperature in MoS2 monolayer due to its large exciton binding energies, which together with its direct electronic band structure, make it a unique system to investigate polaritonic phenomena. [19] [20] [21] [22] Over the past 50 years, the field of plasmonic has received considerable attention, in particular due to its extraordinary capability of confining light below the diffraction limit. Recently, excitonplasmon coupling has been extensively observed from a large variety of hybrid 2D material plasmonic systems, including metallic nanoparticle arrays, nanoslits and nanolattice. [23] [24] [25] [26] Such coupling offers an additional degree of freedom to tailor the optical properties of 2D materials, such as quantum efficiency enhancement, polarization control, and so forth. Moreover, the feasibility of controlling of the exciton-plasmon coupling through electrical gating has been recently demonstrated, opening up great opportunities to modulate light-matter interactions inside 2D materials in real-time. 27 On the other hand, the emerging two-dimensional ultra-thin optical components, known as metasurfaces, exhibit exceptional spectral and spatial manipulation of electromagnetic waves within subwavelength dimensions, which provide powerful tools to mold the light in a very compact and efficient way. [28] [29] [30] Further extending this remarkable controllability of light-matter interactions into the active regime might eventually lead to various functionalized ultra-compact active devices.
In this work, gap-surface-plasmon (GSP) metasurfaces are designed and coupled with selected exciton resonance of monolayer MoS2 to enhance exciton-plasmon polariton emissions with controlled polarization. Furthermore, gate-tunable exciton plasmon polariton emissions are realized in MoS2 material under metal-oxide-semiconductor (MOS) configuration for the first time. The tunability relies on the dynamic tuning\detuning process between the neutral exciton resonance and the trion resonance inside MoS2 material enabled by the manipulation of charge density at interface under applied gate bias. Moreover, this work demonstrates the capability of manipulating light-matter interactions in the active regime at the subwavelength dimensions thought metasurface technologies, opening up important opportunities to develop a wide range of lightweight, ultra-compact and power efficient optical components and optoelectronic devices.
Results and discussion
Both atomic force microscopy (AFM) and Raman spectroscopy are used to identify the monolayer thickness of the MoS2 material obtained in this work, as shown in Fig. 1(a) . The growth details can be found in the supplementary information. The trigonal prismatic coordination of a monolayer of MoS2 as shown in inset Fig. 1a is known to be a direct band semiconductor with the highest valence band and the lowest conduction band formed primarily from the Mo d-orbital.
We begin the design of the hybrid MoS2 metasurface by analyzing the light emission properties of the as-grown MoS2 monolayers on the SiO2/Si substrate, based on their photoluminescence (PL) spectra, as shown in Fig. S1 . By decomposition the PL emissions through a Lorentzian fitting, three PL components around 620 nm, 676 nm and 686 nm are revealed, respectively. It is welldemonstrated that by approaching an emitter close to an infinitely planar gold (Au) film, the latter known for supporting strong surface plasmon resonance (SPR) in the visible range, the spontaneous photoluminescence decay rate of the emitter, denoted by Γ rad , will be significantly fasten due to the access to new radiative pathways. Interestingly, such system, which is supposed to feature high spontaneous emission rate, often fails in further enhancing the radiative efficiency whenever emitters are brought in very close proximity to metallic films. The physical mechanisms responsible for quenching of the photoluminescence properties are first related to the unavoidable dissipation effects arising from the strong electromagnetic field confinement and local field enhancements in lossy metal but also from the inelastic scattering of electrons close to the Fermi surface. 31 In order to overcome these limitations, it is critical to reduce the numbers of non-radiative decay channels. Since the inelastic terms strongly depends on the proximity of the emitter with respect to the metallic surface, we could eventually benefit from the strong field enhancement, i.e. improving Γ rad , meanwhile decreasing quenching effects from ,where I is integrated PL intensity and P is the laser power excitation, the nature of the excitonic processes can be identified. Fitting by a nonlinear regression model, as shown in Fig. 1d , the gamma coefficients of both the peak located at 650 nm and the peak around 613 nm are determined to be 1, which suggest exciton-like transition (exciton A and exciton B) while the value of the feature peaked at 674 nm is found to be 1.3, confirming the presence of a trion. These initial luminescence characterizations show that the SPR in gold film can significantly tailor the emission spectrum of the MoS2 in the proposed hybrid structure, including 1) enhance the emission peaks intensity, and 2) modify the shape, in particular the positions, of the emission peaks due to the coupling of the plamonic resonance and the excitonic resonances of MoS2, which have been widely observed from the plasmon/MoS2 integrated systems. [32] [33] [34] [35] Moreover, there is another advantage of the introduction of the underlying Au mirror as it produces multiple reflections which will increase the overall light absorption of the MoS2 flake as shown in previous works. 36 However, such absorption enhancement does not present strong wavelength dependence and will not change the components of emissions, which is different from the selective enhancement caused by exciton-plasmons coupling proposed herein. Figure 3d shows the corresponding polar plot of the emission intensity. The polarization dependent emission from this hybrid structure further confirms the plasmonic nature of the enhanced emission. Moreover, it also suggests that other types of metasurface designs such as zigzag wires, asymmetric metallic rods or chiral structures could be employed to further manipulate the polarization properties.
It is worth noticing that the various excitonic emissions from the
Valley-polarized photoluminescence in MoS2 have been already tailored for example using chiral metasurfaces, spin-dependent plasmonic surface or asymmetric gradient plasmonic surfaces. [39] [40] [41] In addition, it has been demonstrated that the various excitonic features presented on diverse 2D material can be simply manipulated electrically, optically and chemically by controlling the density and polarity of the carriers. [42] [43] [44] The electrical doping based modulation mechanism in which will modulate the light emissions accordingly, as observed in Fig. 4(a) . This modulation mechanism can be well understood in term of the band diagram: Positive gate bias can drive excess electrons to the interface between SiO2 and MoS2 creating an electron accumulation layer at the interface (Fig. 4c) . Those excess electrons will bind to photoexcited electron-hole pairs, giving rise to negatively charged excitons (trions). Thus, the formation of trions will lead to the reduction of PL emissions of excitons A. On the other hand, applying a negative gate voltage will repel the excess electrons from surface towards the metallic contact (Fig. 4b ). It will help to dissociate the trion into exciton A by promoting the extra electron in a trion to the conduction band edge. As a result, the exciton A emission is enhanced. Such different impacts of applying gate bias on the PL emissions both of exciton A and of trions can also be revealed by fitting the PL contribution of exciton A and trions and plotting the intensity ratios under different gate voltages from -30 V to 30 V, as shown in Fig. 4d which is extracted directly from the PL measurements under different gate bias (Fig. S5) . It can be seen that applying negative bias increases the spectral weight of the exciton A while it is diminished under positive bias, which agrees very well with the previous interpretation. The PL modulation mechanism under the injection of carriers can be further confirmed by the excitation power dependent intensity ratios between trions and excitons A. It can be seen that the ratios between the PL intensity of the excitons A and trions decrease when increasing the excitation power, while both exciton A and trion emissions increase, as shown in Fig. 1(c, d) and summarized in Fig. S6 . It indicates that higher pumping power will favor the formation of trions with respect to excitons A. This behavior is expected as more and more electrons are injected under higher excitation, binding to electronhole pairs, and converting excitons into trions. Furthermore, since the cavity resonance of the gap mode metasurface is designed to match with the exciton A resonance, the modulation of exciton A resonance caused by the gate voltage will be remarkably amplified by the cavity effect of the GSP metasurface, leading to an ultra-sensitive tunability. This can be confirmed by investigating of the spectral dependent modulation depth in Fig. 4e . As it is shown, the spectral modulation curve shows remarkable wavelength selectivity with its peak at around 650 nm, corresponding to the exciton A-plasmon polariton resonance. Moreover, it is worthy to point out that other effects such as Pauli blocking, many-body interactions, and Stark effect have been widely found to cause shifts of the neutral exciton binding energy in the MOSFET structures under different voltage bias. 20, 45 Thus, those effects are likely to modify the coupling between exciton A and GSP resonance in our structure as well, accounting for the modulation mechanism. In order to clarify it, the exciton A energy derived from the PL was investigated as a function of gate bias in Fig. 4f . Interestingly, it is found that the exciton A resonance in our structure almost keeps no change in wide range of gate bias from -30 V to 30 V. Considering that the GSP resonance of the metasurface has been designed to match to the exciton A resonance at 0 V, it implies that the existence of GSP metasurface helps to enhance the light-matter interactions inside the MoS2 layer by making its excitonic resonance more robust to the electric static environment changes.
The relatively small shift of the exciton resonance within our bias voltage range is beneficial to achieve significant tunability, which would otherwise comprehend the performance of the modulation mechanism investigated therein. Since the PL emissions of both exciton A and trion exhibit fast decay, typically within ps time scale, the modulation speed of our structure is mainly limited by the RC time constant of the circuit which is in the range of several nanoseconds (see supplementary for details). The operation speed of this structure can be further improved by shrinking the size of the metallic contacts.
Experimental methods
MoS2 flakes were synthesized on SiO2/Si substrates using MoO2 (molybdenum dioxide) and sulfur powder in a quartz-tube-in-a-furnace vapor-phased deposition system at ambient pressure and then transferred onto the SiO2/Au for metasurface integration (Fig. S7 and Fig. S8 , see supporting information for details). The optical properties of the MoS2 crystals were characterized by micro-photoluminescence (PL) spectroscopy, all the spectra were measured at room temperature (RT) using an inverted microscope coupled with an Andor spectrometer equipped with a intensified CCD camera. The excitation was provided by a temperature stabilized continuous (405 nm) laser, impinging onto the metasurface at normal incidence with a linear polarization oriented along the nanoridges.
Conclusion
Gate Figure S1 . PL spectra of the as-grown MoS2 on the SiO2/Si substrate, which can be decomposed into three excitonic features, corresponding to exciton A, exciton B and trion emission, respectively. 
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Modulation speed:
The rise time of the structure estimated by its RC time constant (τr=2.2τ=2.2RC) is in the range of several nanoseconds based on the load resistance R and the capacitance of the circuit C=ε0εrA/dox, where ε0 is the vacuum dielectric constant, εr is the SiO2 relative dielectric constant of 3.9, A is the size of the capacitor surface and d is the thickness of SiO2 dielectric layer. Therefore, it can be seen that the operation speed of the structure is mainly limited by its RC constant. Note that the RC time constant of the current structure in this work is mainly limited by the large metallic contacts which are used for wire bonding with respect to the subwavelength size of grating. Thus, the operation speed of this structure can be further improved by shrinking the size of the metallic contacts. and Sulfur powders (99% Sigma Aldrich) are used as precursors, while MoO3 is placed at the center of the furnace in an alumina boat, sulfur is situated upstream at the edge of the furnace.
Finally, SiO2/Si substrates are cleaned using isopropanol and acetone and placed face down in the alumina boat containing the MoO3 powder. The temperature of the system is first increased from room temperature to 300°C with a rate of 10°C/min, after 30 minutes the temperature is raised up to 700°C with a ramp of 30°C/min, the system is immediately cooled down naturally once it reaches the growth temperature (700°C). 
